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BiFeO3 BFO thin films of pure perovskite phase were deposited on LaNiO3-buffered
Pt/TiOx/SiO2/Si LNO and Pt/TiOx/SiO2/Si Pt substrates by RF magnetron sputtering. Highly
100-oriented BFO film was coherently grown on LNO at a temperature as low as 300 °C. The
crystal structure and the film/electrode interface of BFO films were characterized using x-ray
diffraction and scanning transmission electron microscope high-angle annular dark-field imaging.
The conventional problem of the leakage current was greatly reduced with remarkable improvement
in the film/electrode interface, chemical homogeneity, crystallinity, and surface roughness of the
BFO film. © 2005 American Institute of Physics. DOI: 10.1063/1.2112181Recently, perovskite-type multiferroic materials that
have coupled electric, magnetic, and structural order param-
eters, including BiFeO3 BFO, BiMnO3, and YMnO3, have
attracted considerable interest for their simultaneous ferro-
electricity, ferromagnetism, and ferroelasticity.1,2 Among all
multiferroic materials, BFO materials exhibit a simple crys-
tal structure, a high Curie temperature, and a high Neel tem-
perature, all of which are advantageous for research and vari-
ous applications.
BFO crystallizes in a rhombohedrally distorted perov-
skite structure with both ferroelectric Tc=1103 K and anti-
ferromagnetic TN=643 K characteristics.1,3–10 Ceramics,
bulk single crystals, and thin films of BFO materials have
been extensively studied.1,3–10 Nevertheless, research and the
applications of BFO materials are limited because of serious
leakage problem. The major contributors to leakage currents
of BFO materials were factors such as impurity phase, po-
rosity, concentration of defects, surface roughness, and
chemical fluctuation.1,3,4,6–13 Previous approaches to solve
the leakage problem involve the addition of donors10 as well
as forming a solid solution of BFO with other perovskite
ferroelectric materials,11–13 which can substantially increase
the resistivity by reducing the concentration of oxygen va-
cancy and preventing the formation of a second phase, re-
spectively. Other contributors to leakage current of BFO
films, such as effects of the interface and chemical homoge-
neity, were seldom considered.
Recently, Wang et al. reported the considerable enhance-
ment in the leakage, ferro/piezoelectric, and magnetic prop-
erties of the epitaxial BFO films with conductive SrRuO3
oxide electrodes.1,9 It is well known that perovskite oxide
electrode, such as SrRuO3, LaNiO3, and BaPbO3, effectively
improved crystal growth and electric properties of ferroelec-
tric oxide.14–18 The specific characteristics of the LaNiO3
electrode are low preparation temperature, good conductivity
and chemical stability.15,16 Of particular interest, the LaNiO3
electrode is promising to induce the preferred-orientation and
improve the film/electrode interface of ferroelectric films.
The performance of ferroelectric films is often dominated by
the film/electrode interface. To our knowledge, few reports
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Most BFO films have been fabricated by pulsed-laser
deposition PLD or chemical solution deposition CSD
methods, at processing temperatures between 450 °C and
670 °C.1,6–10,19 High processing temperatures used in prepar-
ing bismuth oxide-containing films generally raise problems
such as interdiffusion, phase decomposition, and chemical
fluctuations.20 Therefore, the preparation of pure BFO films
at low temperature conditions deserves more attention. This
study reports the low temperature preparation of BFO films
by RF magnetron sputtering. With similar crystal structure
and chemical nature, the LaNiO3 electrode was used to im-
prove the interface of the BFO films. The crystal structure,
the film/electrode interface, leakage behavior, and ferroelec-
tric properties of the BFO films were investigated.
The films were deposited by RF sputtering in a high-
vacuum system with a base pressure lower than 5
10−5 torr. The preparation of the LaNiO3 films has been
described elsewhere.15,16 The BFO films were grown on
LNO/Pt/TiOx /SiO2/Si LNO and Pt/TiOx/SiO2/Si Pt
substrates with a thickness of 200 nm. The target with a
nominal composition of Bi1.1FeO3 was prepared by conven-
tional ceramic procedures with reagent-grade oxide powders
of Bi2O3 and Fe2O3. The temperature of the substrate was
monitored by a thermocouple that was in direct contact with
the substrate. Circular Pt top electrodes were formed by sput-
tering through a shadow mask with a diameter of 0.1 mm, to
make electrical measurements.
The crystal structure of the BFO thin films were charac-
terized by x-ray diffraction XRD, Rigaku. Figures 1a and
1b present the XRD patterns of the BFO films deposited on
LNO and Pt, respectively. The crystallization temperature of
the pure BFO perovskite phase was effectively reduced from
350 °C on Pt to 300 °C by the LaNiO3 electrode, which
was much lower than those reported elsewhere.1,6–10,19 The
BFO films are 100-oriented and randomly-oriented on
LNO and Pt substrates, respectively. The intensity of diffrac-
tion peaks markedly increased with the use of LaNiO3 elec-
trode under the same thickness. The inset of Fig. 1a shows
rocking curve scans of the reflection from the 100 plane of
the BFO films on LNO and Pt. The markedly decreased full-
width of half maximum of the rocking curve is about 4.2°,
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Downldemonstrates that the crystallinity of the film is greatly im-
proved by the use of LaNiO3 electrode. Compared with PLD
and CSD methods, the low processing temperature of the
BFO films by RF magnetron sputtering can be attributed to
the increased mobility of surface atoms by energetically
sputtered species.21
The scanning transmission electron microscope STEM
experiments were performed at room temperature using a
JEM-3000F electron microscope, operating at 300 KV, with
a resolution limit of about 0.17 nm. High-resolution
z-contrast images and compositional scanning profiles are
acquired by high-angle annular dark-field HAADF detector
and energy dispersive x-ray spectrometer EDS under
STEM mode. Figures 2a and 2b show the typical STEM-
HAADF images and compositional scanning profiles of the
BFO films grown on LNO and Pt, respectively. The sharp
compositional and atomic interfaces of the BFO film on
LNO were observed, while rough surface, interdiffusion, and
FIG. 1. XRD patterns of BFO films deposited on a LNO and b Pt. The
inset shows the rocking curves of BFO films deposited on LNO and Pt.
FIG. 2. Color online The STEM-HAADF images with compositional
scanning profiles of the BFO films grown on a LNO and b Pt. c The
cross-sectional image and d high-resolution TEM image of the BFO film
on LNO with an inset showing the correspondent 001 zone axis diffraction
pattern.
oaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP licinterface layer occurred at the BFO film on Pt. The interface
layer was composed of Bi, Fe, and Pt, which was quantita-
tively identified by EDS with the atomic ratio of 0.24, 0.68,
and 0.08, respectively. In contrast, the BFO film on LNO
exhibits a smooth surface without porosity. The root-mean-
square surface roughness and grain size of the BFO film on
LNO were approximately 1.8 nm and 35 nm, respectively.22
Those on Pt substrates were about 7.2 nm and 180 nm,
respectively.22 Moreover, the contrast in the HAADF image
is approximately proportional to the square of the average
atomic number of the atomic column,23 so that detailed
chemical information can be directly obtained.24,25 The im-
age contrast is uniform in the BFO film on LNO, suggesting
that the chemical homogeneity of BFO films was greatly
improved by the LaNiO3 electrode. That is due to eliminated
interdiffusion at such a low temperature. Figure 2c shows
the cross-sectional image of the BFO film on LNO, exhibit-
ing coherent film/electrode interface with the atomic-level
interfacial roughness. Figure 2d shows the high-resolution
TEM image of the BFO film on LNO with an inset showing
the correspondent 001 zone axis diffraction pattern. The
out-of-plane d-spacing is estimated to be about 0.395 nm,
which was consistent with the result in Fig. 1.
The leakage behavior was measured with an HP 4140B
pA meter/DC voltage source. Figure 3a plots the leakage
current density versus the electric field J-E behavior of the
BFO films on LNO and Pt. The BFO film grown on Pt ex-
hibits high leakage current, which were similar to other
7,8
FIG. 3. a The leakage current density-electric field J-E behavior of the
BFO films deposited on LNO and Pt. b The temperature dependence of J-E
behavior of the BFO film on LNO.reports. In contrast, the use of LaNiO3 as the bottom elec-ense or copyright; see http://apl.aip.org/about/rights_and_permissions
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Downltrode greatly improved the leakage current density of the
BFO film. Compared with the recent progress in greatly re-
duced leakage current of BFO films by ion-doped method,11
the leakage current of intrinsic BFO film showed a dramatic
drop of about five orders of magnitude at the field of
100 kV/cm. The surface chemistry, including the oxidation
state of bismuth and iron, of the BFO films was analyzed by
x-ray photoelectron spectroscopy XPS, PHI1600 using an
Mg K x-ray source. The XPS results indicate that the Bi and
Fe ions of the BFO films are trivalent without the existence
of metallic bismuth atoms and divalent ferrous ions, demon-
strating that the BFO films possess stable chemical configu-
rations. The observed enhancement in the leakage property
of the BFO film was attributed to the effective improvement
in the film/electrode interface, chemical homogeneity, crys-
tallinity, and surface roughness of the BFO film. Figure 3b
shows the J-E curves of the BFO film grown on LNO over
the temperature range of 300–473 K. The logarithmic plot of
the J-E curves was linear in the low electric field region,
indicating a typical ohmic conduction behavior. The ex-
tended ohmic region suggests that the free carrier concentra-
tion of the film is effectively reduced by the use of LaNiO3
electrode, which is consistent with the reduced leakage cur-
rent. The temperature-dependent J-E behavior is typical char-
acteristic of the interface limited Schottky emission and bulk
limited Poole–Frenkel trap-assisted conduction. The rela-
tively symmetric J-E curve reveals a bulk-limited leakage
behavior rather than an interface-limited leakage behavior of
the BFO film.8,11 However, more works are necessary to ob-
tained a definite leakage mechanism of the BFO film.
The ferroelectric hysteresis loop was examined at a fre-
quency of 500 Hz by TF-analyzer 2000 FE module aix-
ACCT Co.. Figure 4 plots the polarization—electric field
P-E hysteresis curve of the BFO films grown on LNO and
Pt. Saturated hysteresis curves of the BFO films on Pt cannot
be obtained because of their high leakage current. In con-
trast, the remnant polarization 2Pr and the coercive field
2Ec of BFO films on LNO were measured to be about
53.8 C/cm2 and 75.9 MV/m, respectively. The obtained
remnant polarization was less than that of the epitaxial BFO
films grown on SrRuO3-buffered SrTiO3, perhaps because of
the thermal stress and grain size effect of ferroelectric mate-
rials. The BFO film deposited on Si exhibits higher tensile
stress, which is due to the small thermal coefficient of the Si
FIG. 4. The polarization-electric field P-E hysteresis curves of the BFO
films deposited on LNO and Pt.substrate. The hysteresis curve of the BFO film on LNO
oaded 19 Dec 2010 to 140.114.66.106. Redistribution subject to AIP licexhibits asymmetry toward the direction of positive-field,
which is similar to other reports with the use of oxide
electrode.1,9 Typically, the asymmetrical hysteresis curve is
mainly attributed to the difference of work function, crystal-
lographic defect distribution, and thermal history between
top electrode and bottom electrode. A high coercive field was
observed in the BFO film on LNO, which is probably origi-
nated from the small grain size of the BFO films. The polar-
ization switching is usually more difficult in films with fine
grains. Similar phenomenon has been found in the
Bi0.7Ba0.3Fe0.7Ti0.3O3 films.12
In summary, highly 100-oriented BiFeO3 films were
coherently grown with low leakage current at 300 °C on
LNO by RF magnetron sputtering. The high-resolution
z-contrast of the STEM-HAADF image with EDS composi-
tional scanning profiles suggest that the film exhibit good
chemical homogeneity and sharp compositional/atomic inter-
face. The conventional problem of the leakage current was
greatly reduced with remarkable improvement in the inter-
face, chemical homogeneity, crystallinity, and surface rough-
ness of the BFO film. The remnant polarization 2Pr and
coercive field 2Ec of BFO films on LNO are determined to
be 53.8 C/cm2 and 75.9 MV/m, respectively.
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